Abstract-To perform the ground simulation experiments of the complex space operations, this work proposes a new active magnetic suspension compensator. The large-gap magnetic suspension compensator (LGMSC) is a conceptual design for a ground-based experiment which could be used to investigate the technology issues associated with accurate suspended element control at large gaps. This compensator can be used as the out-of-plane electromagnetic actuator for the 3-DOF fine stage in certain high precision positioning applications. Based on the equivalent current method, we explain the basics of the magnetic suspension compensator and analyze its advantages. A gravity compensator has been realized in a test setup that shows the feasibility of the chosen modeling technique and of magnetic gravity compensation.
INTRODUCTION
As a new frontier in spatial science, the experiment under microgravity is one of the essential steps for verifying the space enabling technologies on the ground [1] . The test and demonstration of complex space operations require that the ground test system should provide a long-duration, large-scale, accurate, controllable and almost real microgravity test environment to simulate the space motion in the same degree as in space.
Currently, there are two types of simulation methods. The first is the environment simulation method, including the Zero-G airplane and the drop tower; the second is the effect simulation method that maintains the apparent gravity of the tested-body continually to be zero, including the airbearing suspension system, the sling suspension system and the neutral buoyancy system. Due to some shortages of the present methods, none can perfectly meet the above-mentioned requirements [1] [2] [3] [4] [5] .
In addition to the above-mentioned methods, there are many other facilities and methods for simulating the weightless environment or some biological effects under the weightless condition. However, most of the methods are used for research on microscopic substances instead of macroscopic bodies. The above analysis shows that, to carry out experiments of spatial operations on the ground, the existing microgravity simulation methods have their own drawbacks, being unable to satisfy all requirements [6] [7] [8] [9] [10] [11] [12] [13] [14] . To well address the issues, our research team have firstly put forward an innovative method based on hybrid compensation, its basic principle is the combination of magnetic compensation and neutral buoyancy, which was proposed in [2] . The core of this method is the active magnetic suspension compensator for the moving actuator.
Related research projects on passive magnetic levitation and gravity compensation have been discussed in a number of papers. A new magnetic gravity compensation system using permanent magnets and a Lorentz coil was proposed in [15] . In [16] and [17] , a flat-type active magnetic bearing using Halbach magnet arrays and Lorentz coils for a magnetic levitation stage was proposed. Large forces and low stiffness could be achieved through design optimization. In [18] , a magnetic levitation table supported by repulsive forces of four sets of permanent magnets was researched. In [19] , the design criteria and parameter optimization of a quasi-zero stiffness magnetic levitation system were presented. An electromagnetic isolator for gravity compensation of a heavy payload by active permanent magnetic force was designed in [20] . In [21] , improved 3-D analytical expression for the torque between the permanent magnets in magnetic bearings was derived by using the Lorentz force method. In [22] , unequal magnet arrays were adopted in a magnetic gravity compensator to realize the goal of a large active force and low stiffness.
Precision positioning in multi-degrees-of-freedom is usually required in many advanced industrial applications. In order to compensate for the moving actuator, mechanical springs, air bearings, and magnetic levitation have been discussed. Among these methods, the mechanical spring is subject to mechanical coupling, which limits the positioning accuracy of the fine stage. Air bearing is a good choice for gravity compensation because of its stable characteristics and mature technologies. However, the system structure will be very complex if a high experimental condition is required. In contrast, magnetic levitation has many advantages, such as no mechanical contact, high force density, experimental environment compatibility, and structure simplicity.
In this paper, a novel rectangular large-gap magnetic suspension compensator (LGMSC) is proposed, which can be used as the z actuator for the fine stage [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] . The LGMSC provides an integrated solution involving active gravity compensation and positioning control by employing active magnetic levitation embedded with Lorentz coil array, and the permanent magnet is applied in the mover. Although the magnetic suspension technology is widely adopted in many types of motors and actuators, a special problem will occur when it is applied under large air-gap. However, to date, this application has not been well researched. The primary contribution of this paper is to analyze the leading cause of the mentioned problem and to propose an improved magnetic suspension compensator to perform the ground simulation experiments of the complex space operations. This paper is organized as follows. In Section 2, the structure and principle of the LGMSC are proposed and the traditional analytical model for the LGMSC is established. In Section 3, we propose an improved semianalytical model in which the actual difference in the operating points of the moving magnet is considered. Then, the characteristics of the electromagnetic force and magnetic field distribution are also analyzed based on the finite-element method. In Section 4, the relevant experimental verification is completed.
CONCEPT DESIGN

System Design
The gravity compensation ground-based experiment system, as originally defined, is shown schematically in Figure 1 . It consists of a cylindrical suspended element which has a core composed of permanent Figure 1 . Schematic representation of the proposed system. magnet material embedded in it. Most of the levitation forces are produced by neutral buoyancy, and the control force are produced by electromagnet array which are required to closely fit in a horizontal plane, and the axis direction of each component is made to parallel with each other and be perpendicular to the horizontal plane. The structure and performance of each excitation coil component is consistent.
As shown in the Figure 1 , the magnetization vector of the permanent magnet is vertical. By adjusting the persistent-mode currents to the correct values, a vertical field and gradient can be produced at the location of the electromagnet coil which will produce a stable levitation force. Required control forces are provided by the separate control coils.
In addition to the system control, the suspended element also contains an array of LEDs and associated electronics and power supply. The LEDs are embedded in the surface of the suspended element and provide active targets for a photogrammetric optical position measurement system. Position and orientation of the model is determined from the position of the projected garget images.
Dynamics Analysis
The translational acceleration of the suspended-load a can be written as:
where m is the mass of the suspension load, and F denotes the total force on the suspended-load.
where F b denotes the buoyancy, F m the control forces produced by the electromagnets, F d the external disturbance force, and F g the force of gravity. In a microgravity environment, the ideal state of the object is:
In the proposed microgravity environment, the suspended element can move in a wide range of the three-dimensional space. Hence, the only control purpose is without affecting the suspended-load's own motion control. This invention relates to the suspension of a suspended element in space by magnetic levitation and more particularly to the use of the electromagnet array which are symmetrically positioned about a central vertical axis, and are selectively energized, for providing both lift and directional stability to the object.
In the control process, the distribution form of the excitation coil array is mainly according to the position of the suspended-load. For the experiment system, the electromagnetic force at different height should be a reference. Considering the disturbance from the posture change of the suspended-load, we treat load current, horizontal and vertical movement as the input variables. The basic idea is: when the suspended-load does any irregular movement, we decouple the movement process into horizontal and vertical movements. Meanwhile, we track it in real-time and collect its trajectory.
Ground-Space Similarity
Note that it is relatively easy to achieve the geometrical similarity, but difficult to achieve the experimental environment similarity, especially the mechanical environment similarity. Compared with spatial microgravity environment, in addition to gravity, buoyancy and electromagnetic force are introduced artificially in the ground experimental environment. Under the free-floating condition, the gravity, buoyancy, electromagnetic force and environmental disturbance act on the tested-body. Hence, for the sake of the mechanical environment similarity, the tested-body must stay in suspension (equilibrium) and constant orientation (moment equilibrium) at any position.
ANALYSIS MODEL OF MAGNETIC
Electromagnet Force Model Analysis
The equations for forces on a permanent magnet which are produced by electromagnet array have been presented and discussed in the following section. The force on a permanent magnet, in a given orthogonal x, y, z coordinate system. The force can be written as:
Where V ol is the volume of the core, B calculated at the center of the core, and M the magnetization of the permanent.
Since the size of the suspended element is small relative to the size of the electromagnets and the gaps involved, a reasonable approximation of the forces which are produced can be obtained by making the assumption that the field and gradient components are uniform over the volume of the coil. Under this assumption:
Taking the dot product, {M } · ∇ results in the scalar. Equation (4) then becomes:
The notation can be simplified considerably by letting B ij represent ∂B i /∂j. By factoring M out as a vector, (6) can be written in the form
Where
in simplified notation. From Maxwell's equations, in the region of the core, ∇ × B = 0 which results in
Also ∇ · B = 0 which results in
The magnetic force becomes
The translational acceleration of the suspension load, in coil coordinates, can be written as:
Where m is the mass of the suspended element, V ol the volume of the load, M the magnetization of the suspended element, T m the vector transformation matrix from inertial to load coordinates, B the flux density produced by the electromagnets, and F d the external disturbance forces in load coordinates. Since the fields and gradients are linear functions of coil currents, the components of B z produced by coil n of an n-coil of n × n array can be written as:
Where I max is the maximum coil current, k n a constant which represents the magnitude of B zn produced by I max , and I n the coil current. For the total system, B z can be written as:
where
And
The gradients can be put in the same form by arranging the elements of ∂B as a column vector. This results in
where ∂B is a nine element column vector containing the gradients of {B} and is a 9 × n matrix whose elements represents the values of ∂B produced by a corresponding coil driven by the maximum current. Each element of ∂B, for example, can be written in the form
where [K ∂B ] is a 1 × n matrix containing values of B xx produced by a corresponding coil driven by the maximum current. This model is nonlinear because of the coordinate transformations and is of the forṁ
where q is given by
And the input u is given by
Characteristics Analysis
The analytical solution of the 3D diffusion equation in the presence of moving conductors presents serious difficulties even in simple cases. When complex geometries and nonlinear materials are present, an accurate analysis can be performed by numerical methods only. To analyze the characteristics of model above, the finite-element model of the LGMSC is established using commercial finite-element software -ANSYS Maxwell. The requirements for the LGMSC are given in Table 1 . Through structural parameter optimization, the initial dimensions of the LGMSC can be determined and are shown in Table 2 . In the finiteelement model, the permanent magnet rings are NdFeB35 with H cb = −890000 A/m, B r = 1.23 T, and μ r = 1.0998.
The relationships between the force and system parameters based on the Finite Element Method are shown in Figure 2 . We can see that the electromagnet force is proportional to the inverse square of the suspension height, and in a linear relationship other three parameters. When the suspension gap increases (especially reach meter level), some parameters have different relationship with the force compared with traditional formula. These results are useful for the system design and precise control. Figure 2 . The electromagnetic force with different parameters. Figure 3 shows the magnetic field distribution of the LGMSC (without permanent magnet). The homogenized magnetic field in the air gap is generated from the coil array. And by changing the input current, vertical magnetic field strength is also controllable. So we can realize three-dimensional equivalent magnetic compensation through this feature. 
EXPERIMENT VERIFICATION
Based on our innovative method, an experimental system has been built in our laboratory. Currently, the tested-body is a polyhedron with 26 surfaces. Six propeller thrusters, divided into three groups, are symmetrically mounted along three axes of the tested body respectively. Its buoyancy can reach approximately 101% G (in this case, the buoyancy is bigger than gravity) after being balanced by the liquid-float system, where the electromagnetic force accounts for about 1% of gravity. The distributed electromagnet array adopted here is 20 * 20. After adjusting the direction of direct current, electromagnetic suction is generated and used for accurate balancing. After adjusting the size of electromagnetic force, the tested-body is able to stay stably suspended at a given position.
In order to verify the performance of the proposed method, the experimental platform of an experimental verification system has been built in our laboratory, as shown in Fig. 4 .
Experiments have been conducted at several different depths. The electromagnetic force closedloop control is applied to these depths until the tested-body gets stable, and then the sizes of current and voltage are recorded and kept constant. After this, the microgravity level is measured with the z-directional acceleration velocity of the tested-body (parallel to the local gravitational acceleration) and is measured by a standard accelerometer. Here, a sufficiently accurate accelerometer should be selected for the accuracy measurement of the microgravity of the tested-object, and the acceleration velocity measurement accuracy is 5 × 10 −5 g at least.
Record the data in the process of the whole experiment. The microgravity level is measured with the z-directional acceleration velocity of the suspended-load (parallel to the local gravitational acceleration). The results at the height of 750 mm are described. As shown in Fig. 4 and Fig. 5 , the microgravity level of the hybrid suspension system reaches up to 10 −4 G and target is in a state of force balance in the vertical direction. 
Figure 6.
The change of micro-G in the experiment.
As a result, the above experiments show that the proposed simulation methods can improve the steady state and dynamic performance of microgravity and finally achieve the best experiment result.
CONCLUSIONS
Active magnetic gravity compensation method presents a powerful alternative to the classical low-gravity experimentation methods involving fluids, and this method can remedy not only the disadvantages of pure liquid-float simulation such as low accuracy and poor real-time adjustment but also the disadvantages of air-bearing simulation such as not enough DOFs of motion in a vertical direction.
This technology has potential applications in a wide range of areas including magnetically suspended pointing mounts for advanced actuators, and remote manipulation/control/positioning of objects in space. The proposed system seems to be able to satisfy the requisite of a functional simulation system. To sum up, the main contribution of this paper is the design of a new structure for a high-precision and long-range motion positioner, which successfully demonstrates feasibility and effectiveness of such a new system through extensive experimental results.
On the basis of our experimental verification system, the research on the following experimental and applied technologies can be undertaken, including recognition and test technologies of closedistance and non-cooperative targets, close-distance relative autonomous navigation technology and experimental technology, test of autonomous rendezvous approaching trajectory planning algorithm and its experimental technology, test of autonomous rendezvous approaching navigation and control method and its experimental technology, the motion control experimental technology with multiple DOFs for robot arms, research on the experimental technology of the 3-dimensional capture and release of a manipulator, research on new-concept spatial operation experiment technology, etc. These are also our main research interests in the future. 
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